Spin sensitive bleaching of the absorption of far-infrared radiation has been observed in p-type GaAs/AlGaAs quantum well structures. The absorption of circularly polarized radiation saturates at lower intensities than that of linearly polarized light due to monopolar spin orientation in the first heavy hole subband. Spin relaxation times of holes in p-type material in the range of tens of ps were derived from the intensity dependence of the absorption.
A substantial portion of current research in condensed-matter physics is directed towards understanding various manifestations of spin-dependent phenomena like giant magnetoresistance, heavy fermions, Kondo scattering, superconductivity and others. In particular, the spin of electrons and holes in solid state systems is the decisive ingredient for active spintronic devices [1, 2] and several schemes of quantum computation [3] [4] [5] . Especially the combination of ferromagnetic materials with semiconductors seems to be a promising combination for novel functional concepts. Open problems which have to be addressed in this respect involve spin-injection into semiconductors, spin relaxation in low dimensional semiconductor structures as well as spin detection. Significant progress was made recently: it was shown that spin polarized electrons (or holes) can be injected from semimagnetic (or ferromagnetic) semiconductor materials into semiconductors [6, 7] . The presence of spin polarized electrons can be probed by analyzing the Kerr effect [8] or by analyzing the degree of circular polarization of light which gets emitted when polarized electrons (holes) recombine with holes (electrons). The inverse process, exciting free carriers by circularly polarized light due to optical orientation [9] is frequently used to prepare an ensemble of spin polarized carriers. In low-dimensional systems with band splitting in k-space due to k-linear terms in the Hamiltonian optical excitation not only leads to a spin polarized ensemble of electrons but also to a current whose sign and magnitude depends on the degree of circular polarization of the incident light (circular photogalvanic effect, [10] ).
For the realization of spintronic devices sufficiently long spin dephasing times in semiconductor quantum well (QW) structures are crucially needed. Spin transport must occur without destroying the relevant spin information. Current investigations of the spin lifetime in semiconductor devices [11] [12] [13] [14] [15] [16] are based on optical spin orientation by interband excitation and further tracing the kinetics of polarized photoluminescence and investigation of the dynamics of subsequent relaxation of spin polarized electron-hole pairs. Studies of bi-polar spin orientation, where both electrons and holes got excited, gave important insights into the mechanisms of spin relaxation of photoexcited free carriers. We show below that by combining the circular photogalvanic effect (CPGE) [10] with saturation (bleaching of absorption) spectroscopy [17] [18] [19] [20] [21] we are able to probe spin relaxation for monopolar spin orientation.
In contrast to the conventional methods of optical spin orientation, in our measurements only one type of charge carriers (electrons or holes) gets spin oriented and is involved in relaxation processes. This is achieved by using radiation in the terahertz range which excites intraband or intersubband, but no interband (from valence to conduction band), transitions.
Monopolar spin orientation allows to study spin relaxation without electron-hole interaction and exciton formation. The most important advantage of monopolar spin orientation is that relaxation processes can be investigated for electrons in n-type material and for holes in p-type material; both can be measured independently. These conditions have not been met previously in quantum well structures where, due to interband excitation, only the spin relaxation times of optically generated minority carriers were accessible (for reviews see [14] [15] [16] ).
Here we report the first observation of spin sensitive bleaching of the heavy hole hh1- The weak absorption of terahertz radiation by free carriers in QWs is difficult to determine by direct transmission measurements particularly in the case of bleaching at high power levels. Therefore the nonlinear behavior of the absorption has been investigated employing the recently observed circular and linear photogalvanic effects [10, 22] . Both, the circular photogalvanic effect (CPGE) and the linear photogalvanic effect (LPGE) yield an electric current in x direction [23] . The absorption coefficient is proportional to photogalvanic current j x normalized by the radiation intensity I [24] . By choosing circularly or linearly polarized radiation we thus obtain a photoresponse corresponding to the absorption coefficient of circularly or linearly polarized radiation, respectively.
Our measurements, displayed in Fig. 2 , indicate that the photocurrent j x depends at low power levels linearly on the light intensity and gradually saturates with increasing intensity Linearly polarized radiation (top left inset in Fig. 3 ) equally depopulates both spin-up and spin-down states of the heavy hole subband and populates the first light hole subband.
With rising intensity these non-equilibrium populations approach each other causing the bleaching of absorption which is controlled by the energy relaxation time τ e . In contrast to linear polarization the absorption of circularly polarized light is spin selective because only one type of spin component is involved in the absorption process (illustrated in the right bottom inset of Fig. 3 ). During energy relaxation to the initial state in subband hh1 the holes loose the photoinduced orientation due to rapid relaxation [25] . Thus, spin orientation occurs in the initial subband hh1, only. Bleaching of absorption is hence controlled by two time constants, the energy relaxation time τ e and the spin relaxation time τ s . Note that τ e is the same for circular and linear polarization. If τ s is of the order of τ e or larger, bleaching of absorption becomes spin sensitive and the saturation intensity of circularly polarized radiation drops below the value of linear polarization.
Spin sensitive bleaching can be analyzed in terms of excitation-relaxation kinetics taking into account both optical excitation and non-radiative relaxation processes. The probability rates for direct optical transitions from the hh1 states with m = ±3/2 to higher subbands 
The corresponding equation for Bleaching of absorption with increasing intensity is described by the function α = α 0 [1 + (I/I se )] −1 where α 0 is the absorption coefficient at low intensities and I se is the characteristic saturation intensity controlled by energy relaxation of the hole gas. Since the photocurrent j LP GE induced by the linearly polarized radiation is proportional to αI, one has
The photocurrent j CP GE induced by the circularly polarized radiation is proportional to
(1,2) in the steady-state regime we obtain
where I ss =hωp s /(α 0 dτ s ) is the saturation intensity controlled by the hole spin relaxation.
The saturation intensities I ss and I se were extracted from the measured saturation intensities I s of linear and circular photogalvanic current (Fig. 3) . Using I ss together with the absorption coefficient α 0 , calculated after [26] for the wavelength used here, spin relaxation times τ s have been derived. The results are plotted in Fig. 4 as a function of temperature.
At low temperatures the relaxation times vary like T
The magnitude of the observed hole spin relaxation time τ s in the first heavy hole subbband hh1 is in very good agreement to previously published data obtained from the interband recombination kinetics of circularly polarized photoluminescence [14] [15] [16] [27] [28] [29] [30] [31] . These works, the relation between spin relaxation time and free carrier density has been discussed in terms of the D'yakonov-Perel and the Bir-Aronov-Pikus mechanisms. In our case of monopolar spin orientation photocreated carriers and electron-hole pairs do not exist.
Thus, in contrast to all previous experiments were hole spin relaxation times were probed by interband excitation, the Bir-Aronov-Pikus mechanism is absent and the spin relaxation is not affected by high density photocreated carriers, exciton formation and interband recombination. The D'yakonov-Perel mechanism was investigated theoretically by Ferreira and Bastard [25, 32] for spin relaxation of hh1-holes in GaAs based QWs. The values of τ s on the order of 10 ps as well as the observed temperature dependence τ s ∝ T −1/2 are in accordance with these calculations for samples with parameters as in our experiment.
In conclusion, our experimental results demonstrate that absorption of terahertz radiation by inter valence band transitions in p-type QWs becomes spin sensitive at high power levels. The saturation of circularly polarized radiation, which is measured in QWs by the circular photogalvanic effect, yields the spin relaxation times of majority carriers, in our case holes. Finally we would like to emphasize that spin sensitive bleaching is also expected for inter-subband transitions in n-type QWs and may be used to extract spin relaxation times of electrons in n-type materials.
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